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RESEARCE MEMORANDUM

EXPERIMENTAL INVESTIGATION OF A FIVE-STAGE AXTAL-FIOW RESEARCH
COMPRESSOR WITH TRANSONIC ROTORS IN ALIL STAGES
I - COMPRESSOR DESIGN

By Donald M. Sandercock, Karl Kovach, and Seymour Lieblein

SUMMARY

A five-sptage sxial-flow compressor with all rotor rows operating
with transonic relative inlet Mach numbers was designed as a research
unit to study the potentialities and problems arising from the compound-
ing of transonic stages. The compressor was designed as a component of
an existing turbojet engine.

At & tip speed of 1100 feet per second, the compressor was designed
to produce an over-all total-pressure ratlo of 5 at a corrected specific
welght flow of 31 pounds per second per: square foot of rotor frontal
area. With the gbsolute velocities axial at the inlet to &ll rotor
rows, rotor tip relative Mach mumbers varied from 1.18 in the first
stage to 0.90 in the fifth stage. Constant total enthalpy and constant
entropy from hub to tip were used in the velocity-diagram construction.
Stage total-pressure ratios were determined from considerations of allow-
able blade loading as expressed in terms of the blade-element diffusion
factor.

This report presents all design values and procedures, blade-row
velocity diagrams, and the selection of blade shapes.

INTRODUCTION

The requirements of effective alrcraft propulsion indicate the
desirability of operating lightwelight compact turbojet engines that are
highly efficient over wide ranges. For turboJet engines incorporating
the multistage axial-flow compressor, reduction in compressor size and
weight can be effected by increasing stage pressure ratio (reducing the
number of stages requlred to produce the desired pressure ratio) and
increasing mass flow per unit frontal area. These requirements for
higher levels of stage performance can theoretically be met by increasing
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the inlet Mach number relative to the rotor. An indication of the
potential gains in these performance characteristics as the maximum inlet
rotor Mach number is lncreased from 0.75 to 1.10 is given in reference 1.

It 1s demonstrated in references 2 and 3 that axial-flow compressor
rotors and stages of high pressure ratio (1.35 to 1.50), and high spe-
cific mass flow (28 to 34 1b/(sec)(sq £t of frontal area)), while main-
taining high efficiency (approx. 0.90), can be obtained by designing for
operation in the transonic region of rotor relstive inlet Mach numbers.
Stator-outlet conditions and genersl performance of the transonlc inlet
stage gppear satisfactory for purposes of multistaging with succeeding
stages of conventional design (ref. 2). Reference 4 illustrates the
favorable results that have been obtalned by employing transonic rotors
in the first two stages of e multistage compressor.

It 1s also speculated that transonic rotor operastion need not be
restricted to lnlet stages. Further increases in average stage pressure
ratio might be realized if all of the rotors of a multistage machine
were designed to operate at higher than conventional levels of relative
inlet Mach number. A further reduction 1n the total number of stages
might then be obtained. However, several important observations can be
made about &ll-transonic operation. In order to maintain high relative
inlet Mach numbers in succeedlng rotor rows and still obtelin a low
compressor-discherge velocity, 1t is necessary, wlth high-pressure-ratio
rotors, to employ stator turning angles of grester msgnitude (up to sbout
45°) than those occurring in conventional designs. A recent investiga-
tion of high-turning axial-discharge stator blades (ref. 5), however,
indicates that practically no sacrifice in stage design-polnt efficiency
need result with the use of highly cambered stators if moderate stator
blade loadings (as discussed in ref. 8) and best incidence angles are
obtained. Secondly, while the single-stage transonic compressors exhib-
ited good performance in the off-design regilons of operation, certain
characteristics indicate the possibility of off-design problems in a
multistage unit. Because of the reduced range of operation (loss against
incidence-angle characteristics) of rotor blade sections at high inlet
Mach numbers (ref. 1), the compromises in blade setting that may Dbe
desirable to ald part-speed performance may be limited for both the out-
let and inlet stages.

In view of these considerations, an experimental five-stage axial-
flow compressor wag designed and constructed at the NACA Lewis laboratory
to investigete the potentials and problems of a high-stage-pressure-ratioc
compressor obtained by the use of tresnsonlc rotors in all stages. The
compressor was deslgned for an average stage pressure retio of 1.38 with
stators operating at conventional inlet Mach numbers but turning the flow
back to the axial directlon. The compressor was installed and operated
as a component of an existing turbojet engine. This report summarizes
the design procedure and includes the calculastion of the veloecity
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diagrams and the selection and design of blade sheapes. The over-all
performance of the compressor over the operating range of 40 to 100 per-
cent of equivalent design speed is presented in reference 7.
SYMBOLS
The following symbols are used in this report:

Ap compressor_frontal area, 2.18 sq £t

a velocity of sound, ft/sec
c blade chord length, in.
D diffusion factor (ref. 6)

acceleration due to gravity, 32.17 f£t/sec?
H total enthalpy, sq f£t/sec?

i incidence angle, angle between inlet relative alr-veloecity vector
and tangent to blade mean line at leading edge, deg

wall boundery-layer blockage Ffactor

M absolute Mach number
M relative Mach number
P sbsolute total pressure, 1b/sq £t

static pressure, 1b/sq £t

R gas constant for air, ft/QR, 53.35

r radius measured from axis of rotation, £t
8 entropy, sq ft/(secz)(oR)

T gbsolute total temperature, °r

t static temperature, °R

i) blade speed, ft/sec

v absolute velocity of ailr, ft/sec
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V! velocity of ailr relative to blade row, ft/sec .
W weight flow of air, 1b/sec
X distance along axis, ft
z ratio of radius to tip radius
B gbsolute air-flow angle measured from axial direction, deg S{
B! a.i;:-flow angle relative to blade row measured from axlial direction, *
eg
At air turning angle, change in relative flow angle from inlet to
outlet of blade row, deg
p¥* aj_rd-flow angle measured on streamline (tangent) plane (see fig. 4),
eg
T ratic of. specific heats for air, 1.40
¥° blade angle, angle between tangent to blade mean line at leading )
or traliling edge and axisal direction, deg
8° deviation angle, angle between outlet relative air-velocity vector T
and tangent to blede mean line at trailing edge, deg
& angle of streamline plane across blade row, computed from radius
change end axial depth across blade row, deg
1 adiabatic temperature-rise efficlency
e distance in tangential direction
E chord angle, angle between blade chord line and axlal directlon,
deg
p static density of air, 1b/cu ft
ag golldity, ratio of blade -chord. to blade spaclng
[ camber angle, difference between blade angles at inlet and outlet
of blade row, deg ' :
Subscripts: : _ o
f.g. free ptream .
h hub
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id ideal

m mean
n axial station location number (from O to 13, fig. 2)
R rotor

r radial direction .

T total or stagnation conditions

t tip

X axlial direction

e tangential direction

Numbered subscripts refer to axial stations

OVER-ALL. DESIGN
The research compressor was designed for instasllation in an existing
turbojet engine in order to cbtain a convenient power source. Accord-
ingly, geometry and over-all design specifications of the compressor are
governed to a large extent by the mechanical and serodynamlc character-

istics of the test engine and its components. The following over-gll
characteristics were chosen for the design of the five-stage transonic

research compressor:

(1) Total-pressure ratio = 5.0 (average stage total-pressure ratio
= 1.38)

(2) Compressor rotor outer diameter, 20 in. (constant)
(3) Inlet hub-tip radius ratio, 0.50
(4) Tip speed, 1100 ft/sec

(5) Inlet axlal Mach number, 0.6 (inlet axial velocity = 648 f£t/sec
at standard inlet conditions)

(6) Discharge axisl velocity, 520 ft/sec

(7) Constant radial work input
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For an assumed value of wall boundary-lsyer blockage at the compres-
sor inlet of 1 percent, these deslgn values glve a corrected welght flow
of 67.5 pounds per second, corresponding to a specific welght flow of 31
pounds per second per square foot of rotor frontal area. Because of the
approximate symmetry of casing fairing at the first rotor inlet (station
2), the axlal velocity at the inlet to the first rotor row was considered
to be constant acroess the radlal height of the annulus. The 1100-foot-
per-second tip speed and 0.60 inlet axial Mach number combine to give a
relative Mach number of 1.18 at the tip of the first rotor row. .

The magnitude of the compressor-outlet axial velocity was deter-
mined after consideration of the existing diffuser and combustor designs.
In general, since desired combustor-inlet veloclity is much lower than
the compressor-inlet velucity, the question arises as how to distribute
the diffusion 1n axial veloclity between compressor and diffuser. Large
amounts of axial-veloclty diffusion 1n the compressor will tend to
reduce the pressure ratio corresponding to a glven value of design blade
loading (diffusion factor of ref. 6), while large amounts of diffusion
after the compressor might require diffuser sectlons of excessive length.
The outlet axial veloclty chosen was belleved caompatible with the 4if-
fuser cepebllity and compressor blade loading.

STAGE DESIGN

The number of stages required to produce the deslred over-all pres-
sure ratio of 5 was determined from preliminsry calculations of average
stage pressure ratlos obtailnable from reasonable values of blade loading
at the design tip speed of the compressor.

Adiabatic Bfficiency

The predlction of the adigbatic efficlency of an axisl-flow com-.
pressor presents a very complex problem, since a detalled knowledge of
the flow losses 1s involved. Consequently, efficlencies are generally
assumed, based on previous experience. From considerations of refer-
ences 1 and 5, the adiagbatlc efficiency of the flrst stage was assumed
to he 0.83. Over stages 2 to 5 a continual decrease in stage efficiency
was assumed, since the hub and caslng boundary layers influence an
increasing portion of the blade span as the flow area is decreased
across the compressor. Stage efficiencles selected are given in table
I. For the design compressor total-pressure ratio of 5, these stage
efficiencies give an over-all efficiency of epproximetely 0.85.

3198
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Axial Velocity

In order that transonic-rotor relative inlet Mach numbers be main-
tained in succeeding stages, and for simplicity in the design calcula-~
tions, axial discharge (no outlet rotation) from each stator row was
prescribed. Thils design condition, combilned with the velocity-diagram
assumptions of constant enthalpy, constent entropy, and equilibrium of
static pressure from hub to tip, results in an axisl velocity that is
radially constant at sll stations (see appendix A). The prescribed dif-
fusion of the axial velocity across the compressor wae spproximstely
uniformly distributed emong the stages (table I).

Presgssure Ratlo

The stagewise distribution of total-pressure ratlo was chosen from
congliderations of individual stage blade-loading limitation and of off-
design performance characteristics. According to reference 8, improved
off-design performance 1s obtained by lightly loading the inlet stage,
designing the intermediate stages close to their loading Iimit, and
moderately loading the exlt stages. For this design, a measure of the
blade loading was obtained by means of the diffusion factor of refer-
ence 6. For both rotor and stator, the diffusion Pactor, which indicates
blade loading by serving as a measure of the blade suction-surface veloc-
ity gradient, is defined Iin terms of the blade-row velocity disgrams by

1
D = - ve D.— - Ve’n (l)
ZO’V' -1

From the terms of equation (1) and consideration of velocity-triangle
relationships, it is apparent that the diffusion fector ls & function of
the change of tangential velocity across & blade row (measure of the
blade-row pressure ratio), solidity, axiasl-velocity ratio, and air inlet

angle.

Experience has shown that, for s typical transonic stage, the value
of design diffusion factor in the rotor tip region is & critlcal deter-
minant of the efficiency of the stage {ref. 1l). Accordingly, & stagewlse
distribution of totel pressure at the tip section was obtained to corre-
spond with the suggested stagewlise variation of blade loading (diffusion
Pactor). The procedure used was to assume geveral values of rotor pres-
sure ratio and from the prescribed values of rotor efficiency, axial
velocity across the rotor, and solidity, to compute the rotor blade tip
diffusion factors. Final values of stage pressure ratio were chosen to
give a reasonable variation of diffusion factor as indicated by the loss
correlations of reference 6 ahd to match the desired over~all pressure

ratio.
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The stepwlse procedure used for determining the stage design char—
ecteristics was as follows:

(1) Average axial velocity at the outlet of each stage is known
from the prescribed dlstribution of axial veloclty across the compressor.
On the basis of experience, all the drop ir stage average axlal velocity
wag agsumed to occur ecross the rotor. For the type of design used
herein, in which the axlsl velocity 1s constant radially, the average
value of axial velocity 1s identical to the locel value at the tip for
rotor and stsator.

(2) Rotor blade tip solidities were selected according to previous
transonic experience.

(3) Several values of stage total-pressure ratio were assumed and
stage total-temperature ratio computed from the prescribed value of stage
efficiency (teble I) and equation (A7). Assuming no change in total
temperature across the stator row and s rotor efficlency 2 points higher
than the stage efficiency, rotor total-pressure ratic was computed.

(4) From equation (AB8) and the rotor pressure ratio values of step
(3), the change in tangential veloclty across the rotor was determined.

(5) From the rotor-inlet and -outlet velocity-diagram components
(steps (1) and (4)) and the selected values of rotor tip solidity (step
(2)), rotor tip diffusion factors were computed from equation (1).

(8) A stage total-pressure ratio was chosen to give a reasonsble
value of rotor tip diffusion factor as selected from conslderstions of
the suggested stagewlse varlations of bplade loading.

(7) The procedure outlined in esteps (1) to (6) was then applied to
each succeedling stage across the compressor.

(8) Stage total-pressure ratios apd rotor blade tip solidities were
adjusted slightly to obtain both the desired over-all total pressure
ratio and distribution of diffusion factor.

The efficiencies given in teble I and used in this procedure were
representative of mass-aversged efficiencies that include the losses in
the wall boundary layers. Strictly spesking, since these and subseguent
velocity-diagrem calculations are intended to represent the free-stream
portions of the flow (central region of blade height where efficiencies
are comparatlively high), average blade-element efficiencles which con-
sider only the losses associated with the flow arcund the blade elemefil
should be employed. According to reference 9, 1t would be desirable,
furthermore, to consider the effects on the design velocity distributions
due to any radial veriations of entropy (blade-element efficilency) that

3198
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" may exist in the free-stream region. This procedure may be especlsally

desirgble 1n the later stages. A simllar consideration applies to the
values of total-pressure ratio used in the veloclity-diagram calculations.
In this more specific calculation procedure, which essentially represents
the free-gtream flow distributions, the defects in total-pressure ratio
and efficiency in the wall boundary-layer reglons at hub and tip would
have to be estimated in some manner in order to obtain a measure of the
compressor mess-averaged total-pressure ratio and efficiency.

Boundary-Layer Blockege Factor

As indicated In the previous sectlon, at any axial station between
blaede rows, the design approach consldered that the flow across the
annulus was divided into two distinect portions, a main or free-stream
portion where the viscosity effects of the fluid on the fiow are small,
and 8 small portion neer the casing walls known as the wall boundary
layer where the viscosity effects on the flow become sppreclable. A
typical radial variation of the product pVy might then sppear as shown

by the sollid line in figure 1. Integrated welght flow at the axlial sta-

tion is given by
Tt
W= 2x (pV)x &r (2)

Th
where (pVy) refers to local values along the radius.
Since the design equations used hereln consider only the free-stream
flow, and since it was convenlent to work with the geometric limits of

hub and tip redius, an ideal weight flow, or weight flow computed as if
no waell boundary layers existed, was defined by

xod
%
Wig = z’ff (pVy)p.g. T &r (3)

Iy

vwhere the (pVy)p.5. &re the free-stream valuee extrapolated to the wall

boundaries (dotted line in fig. 1). The actual weight flow may then be
related to the ldeal weight flow by means of the blockage factor K, as

W= KWig
or
Tt
W = 2xK (V@ p.g. T dr (4)
xr
h
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The boundery-layer blockage factor then serves as a measure of the
wall boundary-layer displacement thickness. It should be noted that the
blockage factor as defined bears no relation to the free-stream effi-
clencles, since only blade-element losses should be considered in the
computation of density and exial velocity in equation (4). The blockage
factor, as a displacement thickness, however, will be proportional to
the loss 1n totel pressure and efficlency in the wall boundary-layer
regione and will, therefore, be a measure of the relation between average
free-stream (veloclity-dlagram) conditions and mass-averaged conditions.

A value of K of 0.85 at the outlet of the first stage was obtalned
from previous transonic-compressor experience (ref. 5), and an approx-
imately linear variation to 0.90 at the compressor discharge was assumed.
The stagewise digtribution of K 1s shown in table I.

Although the concept of . a division of the flow into viscous and
nonviscous regions 1s indicated by experlence to be an adequate represen-
tation of the flow in the inlet stages, it 1s recognized that such.a
divislon may not be representative of the flow 1n the later stages,
where, because of the comparsatively short blade heights, the viscous
effects extend over a much greater portion of the passage helght, and
the pV, product wlll tend to approach a more parebolic form (as in
pipe flow). In such cases, a strict division of the flow into free-
stream and boundary-layer regions might be difficult. For the five-gtage
design, however, for simplicity, the blockage-factor concept was used 1n
all stages.

Hub Contour

With stage total-pressure ratio, total-temperature ratioc, boundary-
layer blockage factor K, and average stator-outlet axial veloclity Vi
known, the annulus area, snd therefore the hub radius ratio, at the out-
let of each stage was computed from equation (B6).

With hub radius ratio values computed at each stage exit, axial
chord lengths and axial clearances between blade rows were selected and

a smooth hub profile drawn through these points. Because this compressor
was designed as @ research compressor, axial spacings of 3/4 inch bebhind
each rotor row and 1% inches behind each stator row were maintained to
permit the use of survey instruments.

In view of the large axial blade-row clearances and the low blade
aspect ratios (blade chord lenhgths are discussed ln a later section), as
indicated in reference 10, the effects of streamline curvature in the
redial-axial plane on the radial equilibrium of the flow were consldered
negliglible. However, in view of the sensitivity of transonic-rotor

198
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prerformance to incidence angle, the change in axial velocity across the
relatively large axlal clesrance between stator trailing edge and rotor
leading edge was taken lInto account by the adoption of two computationasl
stations between the stetor and rotor. The stator-outlet stations,
where stage design characteristics were prescribed, are designated by
even numerals, and the rotor inlets by lettered stations. A sketch of
the passage contour of the compressor showing the various blade-row-
inlet and -outlet stations is presented in figure 2.

Velocity Diagram

Velocity disgrams were computed at the lnlet and outlet of each
blade row for six equally spaced positions along the blade height. TFor
simplicity, the streemlines across a blade row were assumed to lie along
conic surfaces. A sketch illustrating the assumed and true streamlines
is shown in figure 3, and the velocity and angle relstions in the tan-
gent plane are shown in figure 4. 1In determining the flow streamline
path, since the type of design which gives & radially constant axial
veloclty shows very small mass-flow shifts across a blade row, the radial
passage height at each computational plane was divided into the same
number of equal redisal increments and the streamlines were assumed to
pass through these points. Thus, for & given streamline, at each axisal
station,

r -r
=————— = constant (5)
t h

where r 1is the radius at which the streaemline intersects the computa-
tionel plane. For computational purposes, a general expression lnvolving
radius ratio 2z = r/rt was wriltten to give the radius ratio z, of &
particular streamline at any axisl station n for a given radius ratio
Z; at inlet station 2 as

1l -~z

h,n
=1 - - — o 6
zp= 1 - (1 - 22) 7 Tz (6)

Values of the radius ratio along the hub streamline were obtained from
the layout of the hub contour.

The various conditions and assumptions and the complete equstlions
usged in the calculation of stage velocity dlegrams in the streamline
(tangent) plane are presented in appendix A. In the numerical calcula-
tlons for, this design, the radial angle terms ln the velocity-diasgram
caleculations were neglected, because the largest value of tangent-plane
angle & was relatively small (maximum value gbout 12° at the hub of
the filrst rotor). The step-by-step procedure used to calculate the
veloclity diagrams was as Follows:
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(1) Total temperature at the inlet to a stage was computed from the
data of table I and equation .(A7).

(2) Rotor-inlet relative velocities and angles were computed from
equations (A12) and (Al3). For the second to fifth rotors, the axial
velocity at the rotor inlet (lettered stations) was determined from the
axial veloclity at the stator outlet of the preceding stage and from con-
slderations of the change in amnulus ared between the two station loca-
tlons.

(3) Absolute tangential velocities at the rotor outlet were computed
from equations (AB) as described in the pressure ratio section and (A3).

(4) Axial velocity at rotor outlet was obtained from a trial-and-
error solution of the continuity integral (eq. (A8)). Several values of
axial veloclty were selected and corresponding values of density and
welght flow were computed from equations (A9), (AlO), and (AB). The
correct value of axial velocity was then obtalned from the graphical
intersection of computed and deslgn weight flows.

(5) Velocity diagrams at rotor outlet {stator inlet) were computed
from equations (Al4) to (A17).

(8) The magnitude and direction of the stator-outlet velocities
were given by the deegign requirement of axlal discharge of the flow from
the stator row and the prescribed values of stage-outlet axial velocity
(table I).

A schematlc sketch of a typlcal stage veloclty disgram at hub and
tip is shown in figure 5, end tebulated values of velocity and angle in
the tangent plane at the six radial design positions are listed for all
stages in tables II (rotor velocity dlagrams) and III (stator velocity

disgrams) .

BLADE DESIGN
Rotor

The blade shape selected for the rotor was the double-circular-arc
profile consisting of circular-arc pressure and suction surfaces. Ex-
periences with transonic rotors at the time indicated that the double
circular arc was a satisfactory blade shape for transonic operation (see
refs. 11 and 12 Par considerations of transonic blade shapes). The
eircular-arc blade has the added sdvantage of sglmplicity of design end

analysis. :

3198
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The large reduction of low-loss range of inclidence angle as Mach
number is increased (ref. 5) makes the selection of incidence angle an
important consideration in transopic multistage design. From considera-
tions of limited available high Mach number data (refs. 5 and 13), a
constent positive incidence angle of 4° was selected for all radii and
all rotor blede rows.

Camber angle. - Figure 6 shows the geometric relations between in-
cldence angle, turning angle, and deviation angle necessary to compute
the blade camber angle, which 1s glven by

@ = A8t +8° -1 (7)

For fixed values of incidence angle, the camber angle required for the
design alr turning angle 1s then determined from the deviation-angle
characteristics of the blade shape. Deviation angle (fig. 6) is the
difference between the direction of the outlet air and the {angent to the
blade mean line at the tralling edge.

At the time of design, no deviabtion-angle rules were known that had
proven accurate for this type of design. For the first two stages, in
view of the similarity between this design and the design and perform-
ance of the transonlc rotor of reference 2, the design valuea of devia-
tion angle were selected to correspond to the deviatlon angles of the
rotor of reference 2. TFor the other stages, which were designed at a
somewhat later date, it was found that, for a fixed incidence angle of 4°,
the deviation angle can be approximeted by the empirical relation

Q.4059
8% = — 1 — | (&)
U-z-sing

obtained from a survey of a limited amount of circular-arc transonic-
rotor data. In the calculation of camber and deviation sngles as gliven
by equations (7) and (8), an iteration was required for assumed values
of camber necessary for the evaluation of the chord angle &. Design
values of deviation and camber angle sre given in table IV. More recent
considerations of deviation-angle characteristics for circular-arc blades
ere given In references 1 and 13.

Blade constructlon. - A compressor blade is designed as a radial
stacking of a number of individusl blade elements. For ease of manufac-
ture, it was desirable that the coordinates of a blede element be spec-
ified on & plane perpendicular to the radial stacking line of the blade
(hereafter called the horizontal plane). Since all computed air and
blade properties lie along the streamline (tangent) plane, it was nec-
essary to obtain these blade properties on g horizontal plane. Computed
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blade angles at the blade inlet end outlet were projected to the hori-
zontal plene by means of geometric considerations that incorporsted cor-
rections necessary because the blade lesding and trailing edges were not
radlal elements. The prolected blade angles were then plotted agalnst
the respective radius. From these plots, inlet and outlet blade angles
for a gilven radius were obtalned end a blade camber angle in the hori-
zontal plane for that radius was computed from the difference between the
blade angles at the inlet and outlet.

To further simplify the calculation of blade coordlinstes and the
fabrication of the blades, the desired circular-arc mean line was assumed
along the horizontal blade element. Arcund this clrcular-arc mean line
was wrapped a thickness as defined by clrculer-arc pressure and suctlon
surfaces that pass through the maximum thickness point at the 50-percent
chord station and are tangent to 0.015-inch-radius circles wlth centers
at the end points of the mean line.

Although the blade sections on the streamline plane do not have the
desired circular-arc mean line in the inlet stages, little difficulty is
anticlpated in obtalning the design flow conditions in the hub region,
inasmuch as calculations in reference 1 indicate that small errors in
relative alr outlet angle at the hub of this type of itransonic inlet
stage will have & relatively small effect on rotor performance. The
correct establlishment of blade profiles in the streamline plane should
be particularly desirable for designs in which the tip dismeter is varied
acrosg the blade row, 1n view of the increased sensitivity of the tip-

region flow to angle errors (ref. 1).

Radial variations of maximum thlckness were selected from both aero-
dynamic end stress considerations. To decrease the blade stress due to
the centrifugal forces, a hyperbalic radlsl variation of maximum thick-
ness with thin tip sections has been found desirgble. The thin tip sec-
tlons are alsc desirable serodynsmicelly for the high Inlet Mach numbers
encountered in the tip region. Meximum blade thickness at the hub was
chosen so that, on the basis of one-dimensional ares consilderations, the
blade sections at the hub showed no choking difficulties.

Blade-element properties on the horizontal plene are presented in
table IV. TFor stages 4 and 5, since the angle that the streamline plane
mekes with the horilzontal is very small (maximum of 4° at hub of fourth
rotor row), the blade properties on the horizontal plane were assumed to
be the same as those calculated for the streamline plane.

Blede chord lengths were selected on the basls of previous transonilc
experience (ref. 2) and structural considerstions involving blade strength,
shaft critical speed, and exlisting engine construction. Axlal and actual
chord lengths are presented im table IV. Recent umpublished data (also
refs. 3 and 14) indicate that efficient transonlc-rotor operation can be
obtalned with blades having shorter chord lengths. Rotor hlades were
constructed of a heat-treated alloy steel.

3198
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Stator

In the first two stator rows, the double-clrcular-gre blade
(circular-arc pressure and suction surfaces) was used (as in refs. 2 and
5), and for the last three stages, where the inlet Mach numbers were
reduced, s 85-series thickness distribution of reference 15 was modified
and used in conjunction with the circuler-arc mean line. The 65-series
thickness distribution was used from the leading edge to the 60-percent-
chord point, but from there the conventional thickness distribution was’
modified by using a linear fairing from the 60-percent-chord point to an
0.8-percent-chord radius at the tralling edge. The coordinates of the
modified 65~series thickness distribution (i.e., normal to the mear line)
for a l0-percent maximum thickness are shown in taeble VI. Coordinsates
for other values of maximum thicknese were scaled proportionately. The
first two rows of double-circular-src stator blades were set at an in-
cidence angle of O° ;3 whlle, because of the increased camber angles, the
last three rows of 65-series type stator blades were set at an incidence

angle of -2°.

Camber angles were determined from a deviation-sngle rule very
similar to equation (8), except that a radially varylng value of the
constant in the numerator of equation (8) was found desirable from a
correlation of limited available stator data. The radisl variation of
the constant used in equation (8) is presented in figure 7 for values of
radius ratlio becasuse of the large varigtion of blade span over which the
equation was spplied. Agein, more recent considerations of deviation-
angle characteridgtics are given in reference l. As was done for the
rotor blades, a hyperbollc spanwise distribution of maximum thickness
we.s employed. Design values of the pertinent parameters of the stators
gre given in table IIT in the streamline planes and in table V in the
horizontal planes. Because the angle hetween the streeamtine and the
axisl direction for stator rows of stages 3 to 5 was small (less than 5°
for any blade element), the blade properties calculated along streamline
planes were assumed to exist along the horizontal plenes for these stages.
The first two stator rows were machined alloy steel blades, and the third
to £ifth stators were cast stainless-steel blades.

A photograph of the assembled compressor with the upper casing re-
moved is shown in figure 8.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, Junme 18, 1954
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APPENDIX A

VELOCITY -DIAGRAM EQUATIONS

From reference 10, the basic radial equilibrium equation for steady
axially symmetric (3/36 = 0) flow at an axial station between blade rowe
1s given by the following (neglecting terms involving the coefficient of
viscosity) :

SE 3¢ Vo a(rve) av avr
PRt E -t aae - Vxaom

For the particular type of design used herein, the following design
conditions were assumed:

(a1)

(1) No radial variation of heat transfer or dissipation of energy
by viscoslty over the main portlion of flow outslde the wall boundary
layers (Js/dr = 0). (This assumption loses some of its validity in the
later stages as the flow area becomes smaller, but for simplicity it
was used at all stations.)

(2) Negligible effect of streamline curvature in the r,x-plane
(OVy/Ox = 0). According to reference 10, this assumption will be valid
for a stage with low blade aspect ratioc and large axiel spacing between

blade rows.

(3) Radially constant work input in all stages. Inasmuch as the
total energy at the compressor inlet is constant radially and no work is
done across the stators, a radially constant total energy will occur at
all blade-row stations, that is, OH/Or = O. The substitution of these
three design conditions into the baslc equation (Al) results in the sim-

plified design equation

Vg a(rv ) av

0 = _~'—?T__'+ Vy 3—— (a2)

At the rotor outlet, for constant rotor work input from hub to tip
and no inlet rotation, a free-vortex rotation 1s required, given by

constant _ TtVe,t _ (A3)
T R

VGB

and equation (A2) reduces to
Vy = constant (A4)

Thus, the axial veloclty will be constant radially at the rotor outlet.

3188
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For axisal discharge at the stator outlet, Vg = 0, and from equa-
tion (A2)

Vx = constant (A5)

The axial veloelty is thus also redislly constant at the outlet of each
stator row.

At the rotor outlet (stator inlet), the tangential velocity at the
tip (no inlet rotation) is related to the total-pressure ratio across
the rotor according to

r-1
(Bas |72\
Ve,t,n = (T-lTn;’n T, Q?:l) -1 (46)

Total-pressure ratio is then related to total-temperature ratioc
through the adiebatlc tempersture-rise efficiency by the equation

<}5EL. T -1
q = 2L (A7)

(Stage and over-all efficiencies were obtalned from eq. (A7) by using
stage and over-all total-temperature and total-pressure ratios.)

The continuity equation for the actusl weight flow at rotor or

stator outlet is
Tt
W= 27KV, pr ar (A8)
Th

and the denslty is given by

3
2 V7t
P _x-=l v A9
PErr\t "2 rgRT) (49)
The total velocity is related to ite components, as shown in figure 4,
2
V2=V§+V§+Vr

RN
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or .
VZ-V3+V}2{(l+ta.nzc) (A10)
The radial sngle of the conlc streamline surfesce ¢ 18 given by
e = tan~l g;

vhere Ar and Ax are the changes in raedius and sxial distance, respec-
tively, of & streamline across the blade row from inlet to outlet
(fig. 3).

319¢

For compressor designs of high pressure ratio or short axial chord
lengths, the value of the tangent plane angle € may be relatively
large (especlally for an inlet stage), and the radlal angle terms of the
velocity-diagram equations cannot be neglected as was done in this
design. Thus, for general use, complete equations are glven helow.

Velocity diagrams at the rotor inlet were computed from

X (A11)
cos & .
Vio= A2 4 V2 (1 + tan® ) (A12)
¥ = tan™t %L> cos & (A13)
X

Velocity disgrams at the rotor outlet (stator inlet) were computed from

Ve VB4 V2 (1 + tan® e) (a14)
V' o= :\/(U - V)2 + V2 (1 + tan ) (415)
v
p* m tan~t Cvﬁ)cos € (A16)
B*' = tan-l (U - Vo) cos ¢ (A17)
Vx

Standard inlet total pressure and total temperature were taken,
regpectively, as 2116.8 pounds per square foot and 520° R.
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APPENDIX B

EQUATTON FOR HUB RADIUS RATIO

The actugl welght flow passing through any axial statlon of the
compressor may be expressed in terms of average flow conditions as

o W = KoV n(rt - rh) = KpV ::rt(l - zh) (B1L)
H
3 where 2zy = rh/rt, the hub radius ratio; pVy, 1s an average value across
a passage where free-stream condltions are considered to exist to the
wall boundaries; and K 1is the boundary-lsyer blocksge factor. From
i the energy equation, the static demslty is
i :
3 L
v-1
[ \p]
& . y-1 V2 )
© P P E &rRT
or, in terms of total pressure, total temperature, and axiasl velocity
(neglecting radial velocities),
L
P 1 vZ T
- pd
P = RF < -5 Z ) (B2)
&RT cos B

The veloclty of sound based on total tempersture is glven by

a2 = grRT (B3)
Combining equations (B2) and (B3) and substituting in equation (Bl)
then yield
L
P 1 v o 2
.- X
Khe (ﬁ) Yelt-7 73 (1 - zy) (B4)
8y COB B
In terms of ratios based on compressor-inlet conditions,
P 1
- o <%> -1 vy ]Y 2
v, | 1.0 -L (1.0 - z8)  (B5)

W"'K'AfRTO(TO) h

2 2 T 2
E‘I,O<—T€ os BJ
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where Py and Ty are total conditlions at the compressor inlet. Solv-
ing for 2z, ‘then gives

BE T

Ax/\P B/P
2y = 1.0 - AN AR W < (B6)
| v &k |
(: X ) v-1 g
Vs |y o1 WHT °
YT T2 2 - 2
AT/Tq ap o 05 B

For this design with axial-discharge stator blades, at each stage
outlet B = O and the cos®3 term in equation (B6) was unity.
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TABLE I. - STAGE CHARACTERISTICS USED IN FINAL DESIGN
Stage | Axial Stage Stator-ocutlet Stage total- | Boundary-
station | efficiency, |axial velocity,| pressure layer
n ' Vx, ratio blockage
ft/sec factor,
K
2 648 0.99
1 4 0.890 620 1.390 .95
2 6 .885 600 1.480 .94 .
3 8 .875 570 1.425 .93
4 10 .870 550 1.350 .92
5 12 . 850 520 1.265 .90
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TABLE II. - ROTOR VELOCITY-DIAGRAM DATA ON STREAMIINE (TANGENT) PLANE

Stege| Sta~ Entrance vectors Change across row | Diffu-
T W | v ow | B [, | A | epr, | S
48 | tor, D
1 2 0.500 | O 648 850 | 0.787 | 40.3 | 557 -53 33.9 0.4714
' 600 925 .857 | 45.5 | 483 23.9
«700 1006 <932 | 49,9 | 427 16.9
800 1093 | 1,012 | 53.6 | 382 i2.1
800 1183 | 1.096 | 56.8 | 346 8.9
1.000 | Y Y 1277 | 1.183 | 59.5 | 316 Y 8.7 « 3557
2 4a. | 0.620 )0 651 | 943 |0.826 | 46.3 | 634 =75 36.4 | 0.5646
+696 1005 .880 | 49,6 | 577 27.8
772 1070 937 | 52.5 | 529 21.1
848 1138 .997 | 55.1 | 488 16.1
924 1207 |1.057 | 57.4 ) 454 12.5
1.000 | Y Y 1278 |1.119 | 59.4 | 423 Y 9.8 4456
3 6a | 0.722 | O 617 | 1005 [ 0,821 | 52.2 | 583 =52 29.0 | 0.5503
778 1054 .861 | 54.2 | 546 23.6
.833 1105 903 | 56.1 | 514 19.4
.889 1156 .944 | 57.8 | 485 16.0
« 944 1208 .987 | 59,3 | 480 13.3
1.000 | ¥ Y | 1261 |1.030 | 60.7 | 437 Y 1.2 .4420
4 8a | 0.778 |0 595 | 1042 |0.800 | 55.2 | 509 -54 | 21.0 0.5408
822 1083 .832 | 56,7 | 485 1l7.8
«867 1i23 .863 | 58.0 | 462 15.0
911 1165 .895 | 59.3 | 442 12.8
.956 1208 .928 | 680.5 | 423 11.1
1.000 Yy | 1251 961 | 61.6 | 406 Y 9.5 «43393
5 |10a | 0,818 |0 | 572 { 1065 |0.777 | 57.5 | 445 -48 | 16.2 0.5183
.853 1098 .801 | 58.6 | 426 13.9
.890 1134 .827 {59.7 | 408 12.0
926 1168 .852 | 80.7 ] 391 10.4
963 1204 .878 61,7 | 376 9.1
1.000 Y 1240 904 | 62.5 | 362 7.9 <4175
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TABLE III. - STATOR VELOCITY-DIAGRAM DATA ON STREAMLINE (TANGENT) PLANE

Stege| 8ta- Entrance vectors Change acrose row | Diffu-
tion gion
z Vgl Vx| V M B ANé AN& gﬁ, P

<8 tor, D

1 3 0.570| 557 | 595 | 815 | 0.730 ] 43,1| 557 25 43.1 [ 0.4321
656} 483 766 39.1| 483 39.1
JT42| 427 732 35.7| 427 35.7
.828| 382 707 32.7| 382 32.7
914 | 346 688 30.2| 346 30.2

1.000| 316 674 .592 [ 28.0] 316 1& 28,0 « 3023

2 5 0.675| 634 | 576 | 857 0.717 | 47.8]| 834 24 47.8 0.5009
.T40 ] B77 815 45.1 ) 577 45,1
.805]| 529 782 42.6| 529 42.6
.870} 488 755 40.3| 488 40.3
«935 | 454 733 38.2 ] 454 38.2

1,000 423 715 «589 | 36.3 | 423 Y 36.3 « 3833

3 7 0.753| 583 | 565 | 812 0.635 | 45,9 | 583 5 45,9 0.5228
.802 | 546 786 44,0 | 546 44,0
.852 | 514 764 42.3| 514 42.3
901 | 485 745 40.6 | 485 40.6
951 | 460 729 38.2 | 460 39.2

1.000 | 437 714 «S554 | 37.7 | 437 4 37.7 4559

4 9 0,799 | 509 | 541 | 743 | 0.548 | 43.2 ] 509 9 43.2 0.4938
B39 | 485 727 41.9 | 485 41.9
.879 | 462 7L 40,5 | 462 40,5
920 | 442 699 39.2 | 442 39.2
360 | 423 687 38.0 | 423 338.0

1.000 | 406 676 496 [ 36.9 | 406 Y 36.9 4431

5 11 (0,825 | 445 | 524 | 687 0.484 | 40,3 | 445 | -4 40,3 |[0.4786
«860 | 426 675 39.1 ] 426 39.1
«895 | 408 664 37.9 | 408 37.9
.930 | 391 654. 36,7 | 391 36.7
985 | 376 645, 35.7 | 376 35.7

1.000 | 362 837 447 | 34.6 | 362 y 34.8 4343

anrTe
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TABIE IV. - ROTCR BLAIE DESIGN DATA ON HORIZONTAL PLANE
[Leading- and trailing-edge radii, 0.0L5 in.]

Stage | Number | Radius | Hub Actusl | Solid- | Inei-~ | De~ Camber |Bettling | Max- Buction~| Pressure- | Mean-
of ratlo, [ axial chord | lty, dence | vie~ | angle, (angle, | lmm surface | surface line
blades % chord longth, a angle, | tlon * £, thick- | redius, | redius, radius,

length, c, i, y| deg deg negs, in. in. in,
ey 4 in. deg 8*, per-
1:1 deg cent
* chord

1 23 0.500 2.50 2.58 1.89 4 ] 58.4 B.9 8 2.18 3.46 2.64
600 2.6]. 1.59 ) 40.3 22.4 2,92 5.64 3.80

.800 2.87 1.22 19.9 40.2 5.06 16.83 T.72

1.000 2.68 98 |y L 1.7 | 9.7 5 7.5 | 55.41 15,11

2 27 0.820 2.50 2.68 1.86 4 9 52.1 17.4 8 2.45 4.23 3,086
.696 2.69 l.66 40.0 26.5 3.01 5.85 3.92

.B48 2.72 1.38 25.7 39.6 4.60 12.15 6.63

1.000- 2.73 1.17 J } 14.8 | 48.0 5 6.64 26,02 10.57

3 28 0.722 2.50 2.88 1.77 4 10.2 42 .4 27.9 8 2.98 8.15 3,95
.778 2.87 1.64 2.5 34.1 33.7 3.56 a.12 4.89

.889 2.88 l1.44 8.1 21.7 43.2 5.15 15.59 7.66

1.000 2.93 1.30 1 6.7 15,8 48.8 5 742 38,21 12.20

4 85 |0.778 | p.25 | 2.86 | 1.48 | 4 9.9 | 28.8 | 37.8 8 3.96 | 14.98 6,16
.822 1.38 9.4 23.1 41.1 4.53 17.74 7.12

L9111, 1.25 8.5 17.3 46.7 5.87 26.80 9.50

1.000 1.14 7.5 13,0 5l.1 5 T.51 41 .68 12.65

5 23 0.816 2.00 2.71 1l.21 4 10.3 22.4 42.% 8 4.17 23,15 68.96
.83 1.16 9.9 19.7 44.8 4.73 28,43 7.91

.926 1.07 9.0 15.4 49.0 5.96 34.55 10.12

1.000 .89 B.2 12.0 52.5 5 7.48 50.15 12.80

F2L¥SE WH VOVN
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TABLE V. - STATOR BLADE DESIGN DATA ON HORIZONTAL PLANE

[Leading-edge radius, 0.015 in. for stages 1 and 2, 0.023 in, for steges 3, 4, and 5;
trailing-edge radius, 0,015 in. for all stages.]

[stage | Number | Radius | Pip Actual | Solld- | Inci- | De- Camber | Setting | Max- Suctlon- Pressure- | Masan-
| of ratlo, | axial chord ity, dence | via- angle, | angle, | dmum surface | purface line
bladea % chard length, a angle, | tion » E, thick- | radius, | redius, radius,
length, c, i, angle, | = deg deg . | nees, in. in. in.
in, de s per-
ct:x’ € dacg, cent
in. chord
1 33 0,570 2.025 1.80 0 2.3 45.6 19.8 6.5 2.15 3.41 2.61
+656 l.62 4.3 43.8 16.8 2.20 3.66 2,72
.028 i 1.28 I 9.6 | 42.4 11.2 2420 3.98 2.80
1.000 2,00 1.06 f 17.0 45.0 5.5 8 2.08 5.84 2.65
2 39 0.875 2.050 1.89 0 3.0 50.4 22.2 6.5 2.03 3.03 2.4
« 740 1.72 5.0 50.1 19.7 2.02 3.10 2.42
.870 1 1.48 7.2 47.7 18.2 2.05 3.42 2.54
1.000 2.00 1.27 \ 1.0 47.3 13.7 8 2.02 . 3.62 2.58
5 | 37 0.753 2.044 | 1.60 | -2 6.5 | 54.4 | 20.7 9 2.2¢ |
877 l 1.37 l 11.0 | 54.5 | 16.2 2.25 |
1.000 2.00 1.20 16.0 | B5.7 1.9 10 2.19 |
4 36 0.799 2.042 1.48 -2 7.5 52.7 i8.9 9 2.30
.500 l 1.30 l 1.3 | 53.1 | 15.3 2.29
1.000 2.00 1.17 15.5 54.4 11..7 10 2.23
5 35 0.825 2.036 1.38 -2 8.0 50.3 17.2 9 2.40
.913 l 1.2¢4 1 1.5 | 50.8 | 13.9 2.37
1.000 2.00 1.13 15.0 51.6 10.8 10 2.34

e
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TABLE VI.

a7

- THICKNESS DISTRIBUTION FOR A 10-PERCENT-

MAXTMUM-THICKNESS 65-SERTES BLADEL

Chord line
X, =Y, X, Y,
percent percent percent percent
chord chord chord chord
0 0 55 4.530
.5 C T2 60 4.146
.75 .932 65 3.611
1.25 1.168 70 3.123
2.5 1.574 75 2.643
5.0 2.177 80 2.188
7.5 2.647 85 1.762
10 %.040 90 1.369
15 3.666 95 1.037
20 4.143 100 -800
25 4.503
30 4.760
35 4.924
40 4.996
45 4.963
50 4.812

lother thicknesses scale proportionately.
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Figure 1. - Assumed radial division of flow at blade-row outlet
11lustrating free-stream and boundary-leyer reglons.
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Figure 2. - Sketch of passage coutour of five-stage exlal-flow tramsonic compressor showing axial
location of blade-row-inlet and -outlet staticng. '

¥ IrSHE WY VOVN

&2




30

Inlet Outlet

. NACA RM E54F24

=

Assumed

streamline —\\\\\4

True
streamline

1

<S

Compressor axis

CD—3580I

Figure 3. - Sketch illustrating radial angle of assumed conic
stresmline surface. SR '
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Figure 4. - Relationships between total velocity and 1te components.
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(b) Hub.

Flgure 5. - Schematlc sketch of velocity diasgrams for first-stage rotor aend
stator at hub and tip radii. [Stator dlagram represented by absolute
(left side) portion of dlagram.]
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Axigl direction

Circulgr-arc

mean line Blaede mean-line radius

AB' = B'inlet ~ B'outlet

P = %n1et = Toutlet

£ = ¥°1n1et * Toutiet
Z

Figure 6. - Sketch of angles used to compute blade propertles.
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Figure 7. - Design values of deviation-angle parameter for stator blades.
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Figure 8. - Photograph of five-mtage axlal-flow transonic compressor
with upper caaing removed.
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